Background: The upper esophageal sphincter (UES) reflexively responds to bolus
| INTRODUCTION
Achalasia is classically defined by the hallmark finding of esophageal outflow obstruction from impaired relaxation of the lower esophageal sphincter (LES).
1,2 The prevailing theory of disease pathophysiology proposes that the myenteric plexus responsible for coordinating peristalsis and sphincter relaxation succumbs to inflammation or irreversible degeneration. 1 Thus, motor dysfunction is restricted to smooth muscle segments of the esophagus. Nonetheless, abnormalities of the upper esophageal sphincter (UES), the skeletal muscle barrier between the esophagus and the pharynx, have been consistently reported in achalasia. [3] [4] [5] [6] [7] [8] [9] [10] Elevations in both UES basal pressures and postswallow residual pressures have been reported, with improvement of the latter following pneumatic dilation. 6, 7 Some suggest that UES motor abnormalities correlate with worse treatment response. 8, 9 These UES abnormalities are thought to represent a reflexive UES response to esophageal pressurization, a consequence of esophageal outflow obstruction.
Despite description of UES abnormalities, no study to date has assessed these findings within achalasia subtypes to determine if further conclusions can be drawn regarding associations with specific achalasia subtypes or severity. Therefore, in this study, we analyzed a consecutive cohort of patients with an HRM diagnosis of achalasia or esophageal outflow obstruction based on the Chicago Classification, v3.0. 11 All relevant UES parameters were extracted and analyzed for metrics that might segregate achalasia subtypes or further elucidate the relationship between achalasia and the UES. We hypothesized that UES abnormalities, particularly UES residual pressure (UES-RP)
would correlate with achalasia subtypes demonstrating the highest degree of esophageal pressurization.
| MATERIALS AND METHODS

| Study sample
All adult patients undergoing clinical esophageal HRM studies at our 
| High-resolution manometry
The study employed a solid-state, 4.2 mm, 36-channel HRM assembly with high-fidelity circumferential sensors at 1-cm intervals (Medtronic, Duluth, GA, USA). The response characteristics of this device, calibration procedure, and poststudy thermal correction measures have been described in detail previously. 12, 13 Experienced nurses performed transnasal placement of the solid-state manometry catheter through an anesthetized nasal canal. Patients were studied with a slight leftward tilt and the head of bed elevated to 15° for ease of swallowing.
Sensors were positioned to record from the hypopharynx, the entire esophagus including both UES and LES, and the stomach, with 3-5 sensors positioned in the stomach. The manometric protocol consisted of a landmark phase recording during quiet rest to assess basal sphincter pressure (recorded either at the beginning or the end of the study based on patient tolerance), and ten 5-mL ambient temperature water swallows 20-30 seconds apart. 12 No dry swallows were performed or used for analysis. All pressure measurements were referenced to atmospheric pressure, except for the integrated relaxation pressure (IRP), referenced to the gastric baseline pressure. Analysis of Clouse plots was performed via computerized HRM analysis software (Manoview, Medtronic, Duluth, GA, USA).
| HRM data analysis
Patients were assessed for esophageal outflow obstruction, defined fulfilled. HRM metrics from a cohort of healthy volunteers previously described 12 were used for comparison purposes.
The anatomic parameters of the UES were derived using a 30 mm Hg isobaric contour tool; this pressure was chosen because panesophageal compartmentalization of pressure requires this isobaric contour tool in the diagnosis of type 2 achalasia. UES sphincter segment length, mean basal pressure, residual pressure (the nadir UES pressure during relaxation), the time to nadir pressure, and recovery time were extracted from the analysis software; these are independent of the isobaric contour utilized. Other recorded parameters included the LES length, LES end-expiratory pressure, and maximum intrabolus pressure (IBP) in the distal esophagus averaged over all swallows. In type 2 achalasia patients, the peak panesophageal
Key Points
• Elevated integrated residual pressure (IRP) at the lower esophageal sphincter (LES) on esophageal high-resolution manometry (HRM) defines esophageal outflow obstruction, but UES metrics can also be abnormal in these disorders.
• Nadir UES residual pressure (UES-RP) is consistently higher in esophageal outflow obstruction disorders compared to normal controls. It is highest in type 2 achalasia, potentially a consequence of esophageal pressurization.
• Characterizing UES abnormalities, particularly nadir UES-RP, can complement esophageal body and LES metrics in segregating achalasia subtypes.
T A B L E 1 High-resolution manometry parameters within esophageal outflow obstruction subtypes compared to controls 
| Statistical analysis
HRM parameters are reported as mean ± standard error of the mean (SEM) unless otherwise stated. One-way ANOVA analysis was used to isolate parameters with significance among the subtypes: this comparison was made with and without inclusion of the normal controls.
All parameters that could be measured across all achalasia subtypes were then assessed by univariate analysis for significance. Because one of the aims of the study was to identify variables with the utility to segregate between the achalasia subtypes, normal controls were excluded from this step and each subsequent step.
Univariate regression tables were generated for comparison between every combination of subtype in dichotomous fashion, and variables that proved significant at any point were forward selected into the multivariate analysis, again conducted for each pairing of subtypes. For pressure metrics that continued to show independent correlations with differing subtypes, linear regression was employed to generate a Variance Inflation Factor (VIF) that would serve as a metric for multicollinearity.
| RESULTS
| Patient characteristics
Over the study period, 302 patients (age 58.2 ± 0.97year, 60.0% F)
were identified fulfilling study definitions of esophageal outflow 
| Comparison to healthy controls
UES manometric parameters that differed between study cohorts in- 
| Comparison within esophageal outflow obstruction subtypes
Prominent pressure metrics at the UES, esophageal body, and LES were characterized across all subtypes (Table 1) . Of note, while the LES IRP of patients with achalasia demonstrated significant differences compared to healthy controls, this effect was not consistently seen between subtypes, and therefore did not stratify achalasia subtypes or EGJOO (Figure 1 ). In contrast, IBP (Table 1) Manometric differences were further evaluated using univariate analysis of each dichotomous comparison between esophageal outflow obstruction subtypes (Table S1 ). Variables with significant differences between subtypes (P<.05) were carried over into an equal number of multivariate analyses (Table S2) Linear regression analysis of the UES residual pressure, intrabolus pressure, and LES IRP produced a VIF of 1.17 indicating a low concern F I G U R E 3 Comparison of mean UES and LES residual pressures (UES-RP vs IRP) in esophageal outflow obstruction subtypes and normal controls. LES IRP defined esophageal outflow obstruction, but did not segregate subtypes (lack of separation along the y axis). While UES-RP was significantly higher in all achalasia subtypes compared to controls, this metric was most elevated in achalasia type 2 (separation along x axis) 
| DISCUSSION
In this study, evaluating a large cohort of consecutive patients with esophageal outflow obstruction identified using current diagnostic criteria according to the Chicago Classification v3.0, we demonstrate that UES metrics effectively segregate esophageal outflow obstruction into achalasia subtypes and EGJOO, especially type 2 achalasia. In particular, the UES-RP is most distinctive within the esophageal out- involuntary pressure artifact 17 -this is well demonstrated with esophageal pressurization from infused water to simulate refluxed volume within the esophageal body. As a cross-sectional analysis of patients who underwent HRM for any indication, this study was not designed to investigate disease pathophysiology or clinical outcomes. The lack of other non-obstructive cohorts and the non-availability of impedance data limit our study design. A further limitation is our inability to correlate manometric diagnoses with symptoms of achalasia or with treatment outcomes because of the retrospective design. We also did not utilize objective testing (eg, videofluoroscopy) to rule out oropharyngeal dysphagia. Finally, our normal cohorts were significantly younger than achalasia patients, which could have influenced some of our manometric analyses. Nevertheless, we believe our results provide characterization of manometric abnormalities encountered at the UES within esophageal outflow obstruction cohorts, and lay ground work for further prospective evaluation of these findings.
In summary, we have shown that UES residual pressures can segregate achalasia subtypes and EGJOO from a population with esophageal outflow obstruction on manometry. Observed trends were independent of and more significant than other metrics for esophageal pressurization, but not to the point of establishing a new standard for diagnosis. We anticipate that most likely utility of improved understanding of UES metrics in achalasia will be to further qualify borderline situations, particularly with EGJOO, currently a diagnosis of exclusion on HRM with unclear relationship to recognized achalasia subtypes. Further HRM studies assessing relationships to symptoms and outcome will be necessary to determine if UES metrics are to have any application in this domain.
ACKNOWLEDGMENTS
CPG has received research funding from Medtronic, Inc, but not for the current project. He is also on the speaker's bureau for Medtronic, Inc. No competing interests exist for the other authors.
CONFLICT OF INTEREST
None.
AUTHOR CONTRIBUTION
PB: study design, data collection and analysis, manuscript preparation and review; AP: data analysis, critical review of manuscript; GSS: data analysis, critical review of manuscript; CPG: study concept and design, data analysis, manuscript preparation, critical review and final approval of manuscript.
